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Excitons, bound pairs of electrons and holes, form a model system to explore the quantum physics of
cold bosons in solids. Cold exciton gases can be realized in a system of indirect excitons, which can
cool down below the temperature of quantum degeneracy due to their long lifetimes. Here, we report
on the measurement of spontaneous coherence in a gas of indirect excitons. We found that extended
spontaneous coherence of excitons emerges in the region of the macroscopically ordered exciton
state and in the region of vortices of linear polarization. The coherence length in these regions is
much larger than in a classical gas, indicating a coherent state with a much narrower than classical
exciton distribution in momentum space, characteristic of a condensate. We also observed phase
singularities in the coherent exciton gas. Extended spontaneous coherence and phase singularities
emerge when the exciton gas is cooled below a few Kelvin.
1. Spontaneous coherence of excitons
If bosonic particles are cooled down below the tempera-
ture of quantum degeneracy they can spontaneously form
a coherent state in which individual matter waves syn-
chronize and combine. Spontaneous coherence of mat-
ter waves forms the basis for a number of fundamental
phenomena in physics, including superconductivity, su-
perfluidity, and Bose-Einstein condensation (BEC) [1–5].
Spontaneous coherence is the key characteristic of con-
densation in momentum space [6].
Excitons are hydrogen-like bosons at low densities [7]
and Cooper-pair-like bosons at high densities [8]. The
bosonic nature of excitons allows for condensation in mo-
mentum space, i.e. emergence of spontaneous coherence.
Designing semiconductor structures with required char-
acteristics and controlling the parameters of the exciton
system gives an opportunity to study various types of
exciton condensates.
A condensate of exciton-polaritons was recently real-
ized in semiconductor microcavities [9–13]. This con-
densate is characterized by a strong coupling of excitons
to the optical field and a short lifetime of the polaritons.
Unlike BEC, equilibrium is not required for the polariton
condensation and coherence in the polariton condensate
forms due to a coherent optical field similar to coherence
in lasers [14].
There are intriguing theoretical predictions for a range
of coherent states in cold exciton systems, including BEC
[7], BCS-like condensation [8], charge-density-wave for-
mation [15], and condensation with spontaneous time-
reversal symmetry breaking [16]. In these condensates,
spontaneous coherence of exciton matter waves emerges
below the temperature of quantum degeneracy.
Since excitons are much lighter than atoms, quantum
degeneracy can be achieved in excitonic systems at tem-
peratures orders of magnitude higher than the micro-
Kelvin temperatures needed in atomic vapors [1, 2]. Ex-
citon gases need be cooled down to a few Kelvin to enter
the quantum regime. Although the temperature of the
semiconductor crystal lattice Tlat can be lowered well be-
low 1 K in He-refrigerators, lowering the temperature of
the exciton gas TX to even a few Kelvin is challenging
[17–19]. Due to recombination, excitons have a finite
lifetime which is too short to allow cooling to low tem-
peratures in regular semiconductors. In order to create
a cold exciton gas with TX close to Tlat, the exciton life-
time should considerably exceed the exciton cooling time.
Besides this, the realization of a cold and dense exciton
gas requires an excitonic state to be the ground state and
have lower energy than the electron-hole liquid [20].
A gas of indirect excitons fulfills these requirements.
An indirect exciton can be formed by an electron and a
hole confined in separate quantum well layers (Fig. 1a,b).
The spatial separation allows one to control the overlap
of electron and hole wavefunctions. This way, one can en-
gineer indirect excitons with radiative lifetimes and spin
relaxation times orders of magnitude longer than those of
regular excitons [21–23]. Due to their long lifetimes, in-
direct excitons can cool down well below the temperature
of quantum degeneracy [24].
In earlier studies, evidence for spontaneous coherence
was obtained for indirect excitons in coupled quantum
wells (CQW) [25] and for indirect excitons in quantum
Hall bilayers [26, 27]. The onset of spontaneous coherence
was evidenced by a strong enhancement of the recombi-
nation [25] and tunneling [26] rate, respectively. The
results of other transport and optical experiments were
also consistent with spontaneous coherence of indirect ex-
citons [24, 25, 27–33]. However, no direct measurement
of coherence has been performed in these studies.
Exciton coherence is imprinted on coherence of their
light emission, which one can study by interferometry.
In our earlier work, we reported an enhancement of the
exciton coherence length in the macroscopically ordered
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FIG. 1: Emission, interference, and coherence patterns of indirect excitons. (a) Schematic of CQW structure: n+-GaAs
(blue), Al0.33Ga0.67As (gray), GaAs QW (yellow). (b) CQW band diagram. (c) Emission pattern. (d) Interference pattern for
δx = −2µm. (e) Pattern of amplitude of the interference fringes presenting a map of coherence. Tbath = 0.1 K.
exciton state (MOES) [34, 35]. However, these exper-
iments used a single-pinhole interferometric technique
which does not measure the coherence function g1(δr)
and the derivation of the exciton coherence length in
[34, 35] was based on a mathematical analysis of the data.
Here, we report on the direct measurement of sponta-
neous coherence in a gas of indirect excitons in CQW.
The studied indirect excitons may have four spin pro-
jections on the z direction normal to the CQW plane:
Jz = −2,−1,+1,+2. The states Jz = −1 and +1 con-
tribute to left- and right-circularly polarized emission and
their coherent superposition – to linear polarized emis-
sion, the states Jz = −2 and +2 are dark [16, 23]. The
exciton condensate is a four-component coherent state
in general. The build-up of exciton coherence should
manifest itself in an increase of the coherence length
and polarization degree of the exciton emission. The
former phenomenon is general for both one- and multi-
component condensates [6] while the latter is specific to
multi-component condensates [36]. In this work, we re-
port the emergence of both long-range spontaneous co-
herence of excitons and spontaneous polarization. A pat-
tern of extended spontaneous coherence, measured by
shift-interferometry, is correlated with a pattern of spon-
taneous polarization, measured by polarization-resolved
imaging. These two experiments reveal the properties of
a multi-component coherent state.
2. Experiment
The pattern of the first-order coherence function
g1(δx) is measured by shift-interferometry: the emission
images produced by arm 1 and 2 of the Mach-Zehnder
interferometer are shifted with respect to each other to
measure the interference between the emission of excitons
separated by δx.
A cold gas of indirect excitons is realized in a
GaAs/AlGaAs CQW structure (Figs. 1a,b). Long life-
times of the indirect excitons allow them to cool to low
temperatures within about 0.1 K of the lattice tempera-
ture, which can be lowered to 0.1 K in an optical dilution
refrigerator. This allows the realization of a cold exci-
ton gas with temperature well below the temperature of
quantum degeneracy, which is in the range of a few Kelvin
for typical exciton densities ∼ 1010 cm−2 for the studied
CQW [24].
In the reported experiments, extended spontaneous co-
herence is observed in the region of rings in the exci-
ton emission pattern. Exciton rings, including the inner
ring, external ring, and localized bright spot (LBS) rings
were observed earlier [37]. The external and LBS rings
are exciton sources that form on the boundaries between
electron-rich and hole-rich regions; the former is created
by current through the structure (specifically, by the cur-
rent filament at the LBS center in the case of the LBS
ring), while the latter is created by optical excitation [38–
41]. Figure 1c shows a segment of the exciton emission
pattern with a section of the external ring and smaller
LBS rings. The rings provide optimal conditions for the
formation of a cold exciton gas for the following reasons:
(i) the rings are spatially separated from the optical ex-
citation spot and, therefore, the excitons in the rings are
formed from cold electrons and holes thermalized to the
lattice temperature, (ii) the heating of the exciton gas
due to the binding energy released at the exciton forma-
tion is suppressed due to long lifetimes of indirect ex-
citons, (iii) indirect excitons generated in the rings can
further cool down to the lattice temperature when they
travel out of the source. The studies of exciton kinetics
[43] show that indirect excitons cool down to the lattice
temperature within first few microns from the source and
the cold indirect excitons can travel over tens of microns
out of the source before recombination.
In this work, the area of study is beyond the inner ring,
which is formed by indirect excitons traveling away from
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FIG. 2: Coherence of indirect excitons in regions of an LBS and the external ring. (a-d) refer to the region of an LBS. (e-h)
refer to a region of the external ring. (a,e) Emission pattern. (b,f) Interference pattern at shift δx = −2µm. (c,g) Amplitude
Ainterf(x, y) of interference fringes. (d,h) Linear polarization of exciton emission Plin = (Ix − Iy)/(Ix + Iy). (i) y axis cross
sections of Iinterf(x, y) at x = 2µm (black lines) and x = 12µm (red lines) at Tbath = 0.1 K and 8 K. (j) The shift in the phase
of interference fringes in (b) at r ≈ 7µm (black) and in (f) at ≈ 4µm away from the middle circumference of the external ring
(blue) vs. δx. Tbath = 0.1 K for (a-h,j).
the optical excitation spot [37, 42, 43]. The photoex-
cited electrons recombine within the inner ring [42, 43].
Therefore, in the area of external and LBS rings with no
photoexcited electrons coherence forms spontaneously; it
is not affected by coherence of the optical pumping.
3. Pattern of spontaneous coherence
Figure 1 presents the pattern of interference fringes
(Fig. 1d) and the map of their amplitude Ainterf (Fig. 1e).
As detailed in Sec. 4, Ainterf describes the coherence de-
gree of excitons. The regions of extended spontaneous
coherence of excitons correspond to green color in this
figure. The observed properties of spontaneous coher-
ence of excitons are discussed below.
Figure 2 presents the patterns of coherence of indi-
rect excitons in regions of an LBS and external ring.
The observed properties of exciton coherence are qualita-
tively similar around both these sources of cold excitons.
We first consider an LBS region. At low temperatures,
a strong enhancement of Ainterf is observed at distance
r ∼ r0 = 7µm away from the LBS center (Figs. 2b,c,i).
Furthermore, the phase of the interference fringes φinterf
experiences a shift at r ∼ r0 = 7µm, which defines a
phase domain boundary (Fig. 2b). The shift in phase
correlates with the enhancement of Ainterf (Fig. 2b,c).
Its magnitude δφ = φouterinterf − φinnerinterf increases with δx
(Fig. 2j). Since for excitons propagating with momen-
tum q its phase evolves in space as qr, the shift in the
phase of the interference fringes implies a jump in (aver-
age) exciton momentum δq ∼ δφ/δx ∼ 2µm−1 at r = r0.
Figure 2d presents a pattern of linear polarization
around an LBS. It spatially correlates with the pattern
of the amplitude and phase of the interference fringes,
cf. Figs. 2b, c, and d. At r & r0 a vortex of linear polar-
ization with the polarization perpendicular to the radial
direction is observed. Such polarization vortices appear
due to precession of the Stokes vector for excitons prop-
agating out of the LBS origin [44]. The polarization vor-
tices emerge at low temperatures along with spontaneous
coherence of excitons.
Similar phenomena are observed in the external ring
region. At low T , the MOES forms in the external ring
[37] (Figs. 1c and 2e) and a periodic polarization texture
forms around the periodic array of beads in the MOES
[44] (Fig. 2h). Figures 2f and 2g show the extended spon-
taneous coherence of excitons observed in the MOES. It
emerges at low temperatures along with the spatial order
of exciton beads and periodic polarization texture.
4. First-order coherence function
Coherence of the exciton gas is directly characterised
by the coherence of exciton emission, described by the
first-order coherence function g1(δr). In turn, this func-
tion is given by the amplitude of the interference fringes
Ainterf(δr) in ‘the ideal experiment’ with perfect spatial
resolution. In practice, the measured Ainterf(δr) is given
by the convolution of g1(δr) with the point-spread func-
tion (PSF) of the optical system used in the experiment
[35]. The PSF width corresponds to the spatial resolution
of the optical system.
The measurements of Ainterf(δx) in the polarization
vortex and in the LBS center are presented in Fig. 3a. In
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FIG. 3: First-order coherence function and distribution in
momentum space. (a) Measured |g1(δx)| for the polariza-
tion vortex (squares) and LBS center (circles) and simulated
|g1(δx)| for a quantum (black line) and classical (blue line)
gas. (b) Simulated |g1(δx)| for a quantum (black) and classi-
cal (blue) gas with (solid) and without (dashed) convolution
with PSF. (c) Distribution in momentum space obtained by
the Fourier transform of g1 in (b) for a quantum (black line)
and a classical (blue line) gas.
the hot LBS center, Ainterf quickly drops with δx and the
shape Ainterf(δx) fits well to the PSF, which is presented
by blue line. In the polarization vortex, g1(δx) extends to
large δx demonstrating extended spontaneous coherence.
A fit to the experimental points computed using a model
described below is shown by black line.
Figures 3b and 3c demonstrate the relation between
the first-order coherence function and particle distribu-
tion in momentum space. Figure 3b presents g1(δx) for a
classical gas (blue dashed line) and quantum gas (black
dashed line) for a spatially homogeneous gas of nonin-
teracting particles with a quadratic dispersion (see SI).
Both gases are at 0.1 K, the classical gas has a very small
occupation number n0  1 of the q = 0 momentum
state while the quantum gas has n0 = 5000. The con-
volution of these g1(δx) with the PSF produces black
and blue solid lines, which fit to Ainterf(δx) in the spin
polarization vortex and in the LBS center, respectively
(Figs. 3a,b). The Fourier transform of g1(δx) in Fig. 3b
gives the momentum occupation factor nq in Fig. 3c.
Figures 3b and 3c illustrate that a classical gas is char-
acterized by a broad distribution in momentum space nq
and a narrow first-order coherence function g1(r), while a
quantum gas is characterized by a narrow nq and an ex-
tended g1(r). For a classical gas, g1(r) drops within the
thermal de Broglie wavelength λdB , which scales ∝ T−1/2
and is about 0.5µm at 0.1 K. The extension of g1(r) well
beyond λdB indicates a coherent exciton state, charac-
teristic of a condensate.
Figure 3a illustrates also why δx = 2µm is selected
for mapping extended spontaneous coherence of excitons.
The shift δx = 2µm is chosen to exceed both λdB and the
PSF width. At such δx, only weak coherence given by
the PSF value at δx = 2µm can be observed for a clas-
sical gas. The regions of enhanced coherence exceeding
such background level reveal the regions with extended
spontaneous coherence of excitons.
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5. Pattern of coherence length
The spatial extension of g1(δr) can be characterized
by a coherence length ξ. Here, to consider all points in
the pattern on equal footing, we evaluate ξ as δr at which
the interference visibility drops e times. We measured the
exciton interference pattern at different δr to produce the
spatial map of g1(δr) and, in turn, ξ. Figures 4a and 4b
show the pattern of ξ for the shift between the interfering
excitons along x and y, respectively. Figures 4c and 4d
present the cross sections of ξ(x, y) in the region of the
polarization vortex (c) and MOES (d).
The regions of a classical gas in the ξ(x, y) pattern cor-
respond to the smallest observed coherence length given
by the PSF width. Long-range spontaneous coherence of
excitons is observed in the polarization vortices and in
the macroscopically ordered exciton state (Fig. 4). The
coherence length in these regions is much larger than in
a classical gas, indicating a coherent state with a much
narrower than classical exciton distribution in momen-
tum space, characteristic of a condensate.
The observed coherence length in the polarization vor-
tex exceeds λdB = 0.5µm at 0.1 K by more than order of
magnitude (Fig. 4). The coherence length in the MOES
is smaller than in the polarization vortex. This may be
related to fluctuations of the exciton density wave in the
external ring. Such fluctuations were observed recently
and their studies will be reported in future works.
The patterns of coherence length are different for the
shifts along x and y, revealing a directional property
of exciton coherence. In the region of the polarization
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FIG. 5: Fork-like defects in exciton interference pattern. (a-
d) Interference pattern Iinterf(x, y) around an LBS vs. (a-c)
Pex and (a,d) Tbath. (e) Iinterf along a closed contour [shown
in inset] for Tbath = 0.1 K (black) and 8 K (red). δx = 2µm.
vortices, ξ is higher in the direction along the shift be-
tween the interfering excitons [x direction for the δx-shift
(Fig. 4a), and y direction for the δy-shift (Fig. 4b)]; In
the region of the MOES, ξ is higher for δx-shift along the
direction of exciton propagation away from the external
ring in Fig. 4a. These data indicate that the extension
of g1(r) is higher when the exciton propagation direction
is along vector r.
6. Phase singularities: Fork-like defects in ex-
citon interference pattern
A well known example of phase singularities is a quan-
tized vortex. Studies of quantized vortices in various co-
herent states, from superconductors to atom BEC, have
been an essential part of physics. In a singly quantized
vortex, the phase of the wavefunction winds by 2pi around
the singularity point. Therefore, a fork-like defect in a
phase pattern can be a signature of a quantized vortex.
Fork-like defects in interference patterns were reported
for optical vortices, see [45] and references therein, vor-
tices in atom condensates [46–48], and polariton vortices
[49, 50].
We observed a number of fork-like defects in the inter-
ference pattern of a cold exciton gas. For instance more
than 20 of them are present in Fig. 1d. A larger scale is
presented in Fig. 5. Figure 5a shows forks in the inter-
ference pattern indicating the presence of phase singular-
ities. We study the properties of this phenomenon and
show that its origin is different from a quantized vortex.
The forks in the interference pattern are observed at
low temperatures in a quantum exciton gas (Fig. 5a) and
vanish at high temperatures in a classical exciton gas
(Fig. 5d). At low temperatures, a closed contour around
the fork crosses an odd number of interference fringes so
the phase of the interference fringes winds by 2pi, indi-
cating a phase singularity (Fig. 5e). Similar properties
are observed for quantized vortices.
However, the distance between the left- and right-
facing forks in the interference pattern is not equal to the
shift δx = 2µm in the shift-interferometry experiment
and can be controlled by the excitation power (Fig. 5a-c).
This shows the difference between the observed phase sin-
gularity and a quantized vortex. Indeed, straightforward
simulations show that a quantized vortex is character-
ized by a pair of opposite forks separated by the distance
equal to the shift in the shift-interferometry experiment.
This shows that forks in the interference pattern may
correspond to objects different from quantized vortices.
Simulations of the interference pattern produced by a
ring-shaped source, such as an LBS ring, result in the
interference pattern with opposite forks separated by a
distance much larger than δx, in qualitative agreement
with the experiment (see SI). A ring-shaped source with
particles propagating away from their origin on the ring
produces a more complicated phase pattern than a vor-
tex, yet both objects are characterized by the spreading
of particle velocities over all directions. The observed
phase singularities constitute the properties of a quan-
tum exciton gas with extended spontaneous coherence
(Fig. 5a) and no such phase singularity is observed at
high temperatures in a classical gas (Fig. 5d).
7. Summary
Spontaneous coherence is observed in a gas of indirect
excitons. The coherence length in the macroscopically
ordered exciton state and in the vortices of linear po-
larization reaches several microns, which is much larger
than in a classical exciton gas, indicating a coherent state
with a much narrower than classical exciton distribution
in momentum space, characteristic of a condensate. A
pattern of extended spontaneous coherence is correlated
with a pattern of spontaneous polarization, revealing the
properties of a multi-component coherent state. We also
observed phase singularities including phase domains and
fork-like defects in the interference pattern. All these
phenomena emerge when the exciton gas is cooled below
a few Kelvin.
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Supplementary Information
CQW structure and experimental setup
Experiments were performed on a n+ − i − n+
GaAs/AlGaAs CQW structure grown by molecular-beam
epitaxy. The i region consists of a single pair of 8 nm
GaAs QWs separated by a 4 nm Al0.33Ga0.67As bar-
rier and surrounded by 200 nm Al0.33Ga0.67As barrier
layers. The n+ layers are Si-doped GaAs with NSi =
5×1017 cm−3. The electric field in the z direction is con-
trolled by the external voltage applied between n+ layers.
The small in-plane disorder in the CQW is indicated by
the emission linewidth ≈ 1 meV. The laser excitation is
performed by a HeNe laser at λ = 633 nm with the exci-
tation power Pex = 1.2 mW for the data in Figs. 1-3 and
Pex = 2.9 mW for the data in Fig. 4 of the main text.
The photoexcitation is more than 400 meV above the en-
ergy of indirect excitons and the 10µm-wide excitation
spot is farther than 80µm away from both the LBS and
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FIG. S1: Schematic of the experiment. (a) Interferometric
setup. (b-d) Emission image of indirect excitons measured
with (b) arm 1 open, (c) arm 2 open, and (d) both arms
open. (e) Iinterf(x, y) obtained from (b-d). Pex = 2.9 mW,
Tbath = 0.1 K.
the external ring. The x-polarization is along the sample
cleavage direction within the experimental accuracy.
We use a Mach-Zehnder (MZ) interferometer to probe
the coherence of the exciton system (Fig. S1). The
emission beam is made parallel by an objective inside
the optical dilution refrigerator and lenses. A combina-
tion of a quarter-wave plate and a half-wave plate con-
verts the measured polarization of the emission to the y-
polarization, which is then selected by a linear polarizer.
This ensures only the y-polarized light enters the MZ in-
terferometer thus eliminating polarization-dependent ef-
fects, which otherwise can be caused by the interferome-
ter and spectrometer. In the shift-interferometry exper-
iment and polarization-resolved experiment, spectrome-
ter operates in the zero-order dispersionless regime. The
emission is split between arm 1 and arm 2 of the MZ in-
terferometer. The path lengths of arm 1 and arm 2 are set
equal using the movable stage. The interfering emission
images produced by arm 1 and 2 of the MZ interferome-
ter are shifted relative to each other along x to measure
the interference between the emission of excitons, which
are laterally separated by δx. Mirror 1 and Mirror 2 are
used to control the fringe period, and Mirror 2 is used
to control δx. After the interferometer, the emission is
filtered by an interference filter of linewidth ±5nm ad-
justed to the exciton emission wavelength λ = 800 nm.
The filtered signal is then focused to produce an image,
which is recorded by a liquid-nitrogen cooled CCD. We
measure emission intensity I1 for arm 1 open, intensity
I2 for arm 2 open, and intensity I12 for both arms open,
and then calculate
Iinterf = (I12 − I1 − I2)/(2
√
I1I2 ) . (S1)
In general, for two partially coherent sources located at
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FIG. S2: High-temperature data: Coherence of indirect exci-
tons in regions of an LBS and the external ring. (a-c) refer
to the region of the LBS in Fig. 2a. (d-f) refer to a region
of the external ring in Fig. 2e. (a,d) x axis cross sections at
y = 0 (a) and y = −55µm (d) of Ainterf(x, y) at δx = −2µm
for Tbath = 0.1 K (black lines) and 8 K (blue lines). (b,e)
Ainterf(x, y) at δx = −2µm at Tbath = 8 K. (c,f) Linear po-
larization of exciton emission at Tbath = 8 K.
r1 and r2, one has the relation [1],
Iinterf = cos δθ(r1, r2) ζ(r1, r2) , (S2)
where δθ(r1, r2) is the phase difference of the two sources
and ζ(r1, r2) is their degree of coherence. In our exper-
imental geometry, there is a small tilt angle α between
the image planes of the two arms. As a result, the phase
difference
δθ(r1, r2) = qty + φ(r1, r2) (S3)
has a component linear in y — the coordinate in the
direction perpendicular to the tilt axis — which produces
periodic oscillation of Iinterf. Their period is set by qt =
2piα/λ. The coherence function ζ(r1, r2) for r1−r2 = δx
is given by the amplitude of these oscillations, Ainterf.
High-temperature data
Figure S2 shows that neither spontaneous coherence
nor spin polarization texture is observed at high temper-
atures in a classical gas in regions of an LBS and the
external ring.
Simulations of interference pattern in the shift-
interferometry experiment
The interference pattern in the shift-interferometry ex-
periment is simulated using the formula
I12 = |Ψ(r) + eiqtyΨ(r + δx)|2, (S4)
where the complex function Ψ(r) represents the source
amplitude at point r and δx is the in-plane shift.
For a uniform flow of excitons with momentum q, we
have Ψ(r) = eiqr, so that I12 = 2 + 2 cos(qty + qδx). In
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FIG. S3: Simulations of interference pattern in the shift-
interferometry experiments for excitons produced by 12 point
sources with radial momenta q = pi/2µm−1 distributed along
an 8-µm radius ring.
this case, the shift δφ in the phase of interference fringes
at r = r0 (Fig. 2b in the main text) gives an estimate of
the jump in the exciton momentum δq = δφ/δx.
We also considered a more complicated amplitude
function Ψ, which was composed of a large number (12)
of mutually incoherent radial waves J0(q|r − rj |) whose
centers rj were uniformly distributed along a ring. Here
J0(z) is the Bessel function. Each of these sources had
the same radial momentum q. The simulated interference
pattern reproduces the fork-like defects in the measured
interference pattern, cf. Fig. S3 and Fig. 5a of the main
text. The simulations also show a higher coherence out-
side the ring region and a higher coherence along the
direction of the shift δx.
First-order coherence function
Coherence of excitons at two separate points r1 and r2
of space can be quantified by the density matrix, which
is defined by the expectation value
ρjk(r1, r2) = 〈ψ†j (r1)ψk(r2)〉 , (S5)
where ψ†j and ψk are the equal-time creation and annihi-
lation operators of excitons in the four possible Jz-states
labeled by j and k. Coherence of the excitons is im-
printed on their emission:
〈E∗j (r1)Ek(r2)〉 = Mjkρjk(r1, r2) , (S6)
where j and k are now restricted to the Jz = ±1 compo-
nents and Ej is the electric field amplitude of the corre-
sponding circular polarization of light. If most of occu-
pied exciton momenta q are much smaller than 2pi/λ, we
can treat Mjk as constants. Hence, optical measurements
can give direct access to determining ρjk(r1, r2).
Instead of the left-hand side of Eq. (S6), one tradition-
ally considers the optical first-order coherence function
g1(r1, r2) =
∑
j,k=±1
cjk〈E∗j (r1)Ek(r2)〉 , (S7)
where the coefficients cjk describe the transformation
from the circular-polarization basis to the measured po-
larization state, e.g., all cjk = 1/4 for the x-polarization.
To elaborate further on the relation between functions g1
and ρjk, we make several simplifying assumptions. First,
we assume that the system is uniform, so that all observ-
ables depend only on the distance r = |r1 − r2| between
the observation points. Second, we neglect spin-orbit
coupling and crystal anisotropies, so that we end up with
a four-fold degenerate parabolic εq = ~2q2/(2m) exciton
spectrum. Third, we assume that all the four components
are equally occupied and completely independent (have
no mutual coherence). These assumptions are made pri-
marily because there is no full theoretical understanding
of coherence in a gas with spin-orbit coupling, interac-
tion, and spatial inhomogeneity. From Eqs. (S6) and (S7)
we see that under these assumptions g1(r) is proportional
to the trace ρ(r) of the density matrix.
It is also convenient to consider relations between
quantities in the momentum space. The Fourier trans-
form of ρ(r) is the momentum distribution nq. The pro-
portionality between g1 and ρ implies
g1(r) = C1
∫
d2q eiqrnq , (S8)
where constant C1 provides the normalization g1(0) = 1,
which we adopt from now on. Conversely, Eq. (S8) in-
dicates that nq is proportional to the Fourier transform
g˜1(q) of g1(r). This conclusion is very important because
function nq gives information about interactions, coher-
ence, and phase transitions in the system. Its calculation
for interacting particles remains a challenging many-body
problem [2]. In particular, no theoretical results for nq
have been reported for the system under study, where
the interaction are dipolar and the spin-orbit coupling is
important. For illustrative purposes, we will discuss nq
and g1(r) in a noninteracting model. In this model nq is
given by the Bose-Einstein distribution
nq =
1
e(εq−µ)/T − 1 , (S9)
where the chemical potential µ is related to exciton den-
sity n, temperature T , and spectral degeneracy N = 4
by
µ = T ln
(
1− e−n/n∗
)
, n∗ =
N
λ2dB
. (S10)
Here
λdB =
√
2pi~2
mT
(S11)
is the thermal de Broglie wavelength. In turn, the occu-
pation of the q = 0 state is given by
n0 = e
n/n∗ − 1 . (S12)
9As T decreases at fixed n, the occupation n0 of the
ground state increases, leading in finite-size systems to
condensation of all particles to the ground state.
Let us discuss the consequences of this formula in two
limiting cases. First, at high T or low n, we deal with
a classical gas where nq ' e(µ−εq)/T  1 and Eq. (S8)
yields
g1(r) ' e−pir2/λ2dB . (S13)
Following the definition of the coherence length g1(ξ) =
e−1 in the main text, we conclude that for the classical
gas ξ = λdB/
√
pi. In our system this corresponds to
ξ ≈ 0.3µm at T = 0.1 K.
In the quantum limit of low T (or high n) and r  λdB ,
we can replace Eq. (S9) by
nq ' T
εq + |µ|  1 , (S14)
which leads to
g1(r) ∝ K0
(
r
ξ0
)
, ξ0 =
√
n0
4pi
λdB , (S15)
where K0(z) is the modified Bessel (MacDonald) func-
tion. Hence, function g1(r) decays logarithmically at
λdB  r  ξ0 and then exponentially at larger r. The
coherence length ξ is somewhat smaller than ξ0 and much
larger than λdB . As T decreases at fixed n, occupation
factor n0 and therefore ξ0 grow exponentially with T .
The plots of g1(r) for two representative densities are
shown in Fig. 3b by the broken lines. The blue line cor-
responds to the classical gas where n0  1 and the black
line depicts the quantum gas with n0 ≈ 5000. In agree-
ment with the above discussion, crossover from the clas-
sical to quantum exciton gas is accompanied by a sharp
increase of the coherence length.
Optical resolution effects
Experimentally, exciton emission is imaged by an opti-
cal system with a finite spatial resolution. Let us denote
by g∗1(r) the coherence function obtained if the resolu-
tion is perfect (as assumed in the previous section) and
let g1(r) stand for the observable one. The optical reso-
lution effect can be understood by examining how plane
waves with different transverse momenta q pass through
the imaging system. The corresponding complex trans-
mission coefficient f(q) is sometimes termed the pupil
function. We adopt the following common model [3]
f(q) = Θ(Q− q) exp
(
i
2
Dq2
)
, Q = kNA , (S16)
where k = 2pi/λ is the optical wavenumber and NA is nu-
merical aperture. In our experiments NA = 0.27, which
implies Q = 2.08µm−1. Parameter D ∼ δz/k accounts
for defocusing, with δz being the defocusing length. The
observed g1(r) can be expressed as the integral
g1(r) = C2 Re
∫
d2q eiqrf2(q)g˜∗1(q) , (S17)
where C2 is another normalization constant. The impli-
cations of this model for g1(r) are as follows.
At high T , where the momentum distribution is very
broad, g˜∗1(q) can be replaced by a constant (see the blue
solid line in Fig. 3c of the main text), and so g1(r) is
determined solely by the optical resolution parameters Q
and D:
g1(r) = C3
Q∫
0
J0(qr) cosDq qdq . (S18)
The resultant first-order coherence function g1(r) is char-
acterized by rapidly decaying oscillations, similar to the
familiar Airy pattern. In the main text, this structure
was referred to as the point-spread function (PSF). A
good fit to the experimentally observed high-temperature
g1(r) is obtained for D = 0.5µm
2, see Fig. 3a of the main
text. This corresponds to defocusing length δz ∼ Dk ≈
4µm, which is reasonable. The width of the main maxi-
mum of the PSF sets the scale of our optical resolution.
At low temperatures and at distances r  1/Q the
optical resolution effects play no role for the shape of the
g1(r) curve. However, the difference in the short-range
behavior imposes a different normalization. Hence, we
get g1(r) = C4g
∗
1(r), where C4 is another constant. The
results are illustrated by the solid lines in Fig. 3b of the
main text. In Fig. 3a and 3c we also show that exper-
imental data for g1 and its Fourier transform g˜1 can be
adequately fitted to classical (quantum) gas models at
high (low) T . However, this fitting should not be overem-
phasized because of the limited range of the data and
approximations made in the presented theory.
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